The study of Ataxia-telangiectasia (A-T) has bene®ted signi®cantly from mouse models with knockout mutations for the Atm (A-T mutation) locus. While these models have proven useful for in vivo studies, cell cultures from Atm null embryos have been reported to grow poorly and then senesce. In this study, we initiated primary cultures from adult ears and kidneys of Atm homozygous mice and found that these cultures immortalized readily without loss of sensitivity to ionizing radiation and other Atm related cell cycle defects. A mutational analysis for loss of expression of an autosomal locus showed that ionizing radiation had a mutagenic eect. Interestingly, some spontaneous mutants exhibited a mutational pattern that is characteristic of oxidative mutagenesis. This result is consistent with chronic oxidative stress in Atm null cells. In total, the results demonstrate that permanent cell lines can be established from the tissues of adult mice homozygous for Atm and that these cell lines will exhibit expected and novel consequences of this de®ciency. Oncogene (2001) 20, 4291 ± 4297.
Introduction
The study of Ataxia-telangiectasia (A-T) has bene®ted signi®cantly from the development of Atm (A-T mutation) null mouse models (Barlow et al., 1996; Elson et al., 1996; Xu et al., 1996) . However, studies involving cell cultures from these mice, usually in the form of mouse embryo ®broblasts (MEFs), have been limited because the cultures grow poorly and then senesce (Barlow et al., 1996; Westphal et al., 1998) . We have shown previously that kidney epithelial cells from adult wild type mice will immortalize spontaneously at relatively high frequencies (Horn et al., 1984) and that newly immortalized cultures provide a useful tool for mutagenesis studies (Turker et al., 1999a) . To determine if similar cultures can be obtained from adult mice that are Atm homozygous de®cient, we established primary cultures from ear and kidney tissues and found that these cultures immortalized spontaneously after routine passage. We show here that these permanent cell lines maintain sensitivity to ionizing radiation and other cellular characteristics associated with Atm de®ciency. Moreover, we provide data from a mutational analysis that is consistent with elevated levels of oxidative stress in the Atm cells. Evidence for chronic oxidative stress in A ± T cells has been reported (Gatei et al., 2001) .
Results
The Atm null cell lines retain sensitivity to IR Permanent cell lines were derived from the ears and kidney of three Atm null mice (304, 309 and 336), a mouse heterozygous for Atm (348), and a wild type Atm mouse (334). Kidney cell lines only were derived from additional Atm heterozygous (695) and null (743) mice, and a wild type mouse (435) ( Table 1) . The ®ve ear cell lines were tested for sensitivity to IR and the three Atm null lines were found to be signi®cantly more sensitive at all doses tested (1 ± 8 Gy) ( Figure 1A ). The kidney cell lines from these animals were also tested and relative sensitivity was observed again for the Atm null cells (data not shown). Likewise, the 743 Atm null kidney cell line (7/7) was found to be signi®cantly more sensitive to IR when compared with the 435 (+/ +) and 695 (+/7) kidney cell lines ( Figure 1B) . These three kidney cell lines were also examined for sensitivity to ultraviolet radiation ( Figure 1C ) and no dierence in survival was observed. Finally, the 435 (+/+), 743 (7/7), and 336 (7/7) kidney cell lines were tested for sensitivity to hydrogen peroxide and the two Atm null cell lines were found to be more sensitive than the wild type cell line, though not equally so ( Figure 1D ).
The Atm null cells exhibit cell cycle defects
Mammalian cells delay or arrest their cell cycle during the G1, S and G2 phases in response to DNA damage. Mutations in the Atm gene lead to defects in cell cycle regulation following IR exposure, including loss of the G2/M checkpoint (Hoekstra, 1997; Hawley and Friend, 1996) . We assayed for the G2/M arrest by examining phosphorylation of histone-3, which is required for chromosome condensation at the beginning of mitosis. Figure 2 shows no signi®cant decrease in phospho-H3 positive cells for an Atm homozygous kidney cell line (304) following exposure to 15 Gy of IR. In contrast, a wild type kidney cell line (334) exposed to 15 Gy of IR failed to regain phospho-H3 positive cells, indicating that the wild type cells experienced a prolonged G2 arrest. A similar dierence in response was observed when both cell lines were exposed to 2.5 Gy of IR, except that in this case the G2 delay lasted only 7.5 h for the wild type cells (data not shown). In total, these results demonstrate that the wild type cells contain an intact G2/M checkpoint and that this checkpoint is absent in the Atm cells.
To obtain additional evidence for cell cycle defects we examined the formation of cytogenetic aberrations after exposure to IR. The 435 (+/+), 695 (+/7), and 743 (7/7) kidney cells in plateau phase were exposed to 3 Gy and scored for cytogenetic aberrations after a 24 h recovery. All categories of asymmetric chromosome aberrations were scored: dicentrics, centric rings, interstitial deletions, acentric rings, and terminal deletions . A 2.5-fold increase in chromatid aberrations was observed for the 743 cells demonstrating a defective G1 checkpoint ( Figure 3A) . We also measured spontaneous and induced cellular transformation Freyer et al., 1996) for these kidney cell lines. As seen in Figure 3B , spontaneous cellular transformation was essentially the same for the Atm null cells as that observed for the wild type and heterozygous cells. The frequencies of transformed cells increased for all three cell lines after exposure to IR. The relative increase for the Atm cells when compared with the wild type and heterozygous cells was small (30 ± 50%), although it is noted that this increase did reach statistical signi®cance (P-value, 50.05).
Mutagenesis in an Atm deficient cell line
Each Atm de®cient cell line was derived from a mouse that also had a heterozygous de®ciency for Aprt to allow for the selection and characterization of mutant cells with Aprt homozygous de®ciencies. Aprt is an autosomal locus whose expression can be lost in mouse cells via a wide variety of mutational (Shao et al., 1999; Cooper et al., 1991; Khattar and Turker, 1997) and epigenetic (Cooper et al., 1992) events. However, only one cell line (743 kidney cell line) exhibited heterozygosity for polymorphic loci located over the entire length of chromosome 8 ( Figure 4A ), which is required for a comprehensive analysis of loss of heterozygosity (LOH) events in Aprt mutant cells. Therefore this cell line was chosen for a detailed mutational analysis. It is noted that the mutagenesis work was performed with the 743 cells shortly after they immortalized in culture, and at that time they exhibited a near diploid karyotype (n=39). A FISH analysis for mouse chromosome 8 showed two homologues ( Figure 5) , and a molecular analysis con®rmed that one homologue contained the knockout allele and the other contained the wild type allele (data not shown). The wild type allele is the selectable target for the mutational analysis.
A mutagenic response was observed when the 743 cells were exposed to IR doses ranging from 1 to 3 Gy (Table 2) . Two selective agents were used for the detection of Aprt de®cient cells, 2'6-diaminopurine (DAP) and 2-¯uoroadenine (FA). In both cases the mutant frequencies rose after IR exposure, with a higher increase observed when DAP was used as the selective agent. This dierence is not surprising because secondary toxic eects of FA and/or its Cs-gamma radiation. Atm+/+ (334) and Atm7/ 7 (309) mouse kidney epithelial were exposed to 15 Gy of IR and scored for the presence of phosphorylated histone H3 on Ser 10, using an antibody speci®c for phosphorylated serine 10 of histone H3. Values represent the per cent of phospho-H3 positive cells compared to unirradiated controls, and came from three independent experiments. Error bars represent error of the standard mean Figure 3 The eects of IR on chromosomal aberrations and cellular transformation. For both experiments the 435 (wild type), 695 (Atm+/7) and 743 (Atm7/7) kidney cell lines were used. (A) G1-type chromosomal aberrations were examined at metaphase chromosomes in untreated cells and cells treated with 3 Gy of IR in plateau phase. The cells were harvested as described previously . All types of aberrations (dicentrics, acentric fragments, rings, breaks and gaps) were scored. (B) Irradiated (1 Gy) and non-irradiated cells were examined for the cellular transformation higher anity for the APRT protein can decrease the detection of mutant cells (Dickerman and Tisch®eld, 1978) .
A LOH analysis was performed for 31 spontaneous mutational events and 37 mutational events found in cells exposed to 2.5 Gy of 137 Cs-gamma radiation. Based on this analysis, the spontaneous mutational patterns were grouped into one of four categories (Table 3) : chromosome loss (23%) (Figure 4B ), mitotic recombination (43%) ( Figure 4C ), deletional events (10%) ( Figure 4D ), and discontinuous LOH (23%) ( Figure 4E ). There was no discernable dierence for the types of mutations obtained when comparing DAP vs FA selected mutants (not shown). Discontinuous LOH, which is de®ned by the presence of LOH regions that are apparently unlinked to the mutational event that directly causes Aprt de®ciency, has been shown previously to be characteristic of oxidative mutagenesis (Turker et al., 1999a) . No examples of small mutational events characterized by retention of heterozygosity for Aprt and all chromosome 8 markers (e.g. Figure 4a ) were observed in the spontaneous 743 mutants. In wild type cells approximately 20 ± 40% of events can be placed into this category (Shao et al., Frequency of mutant clones when 2'6-diaminopurine used as selective agent. c Frequency of mutant clones when 2-¯uoroadenine used as selective agent Turker et al., 1995 Turker et al., , 1999a Rose et al., 2000) suggesting that small events are suppressed in Atm null cells and/or that the frequency of large events increases.
The mutational spectrum was not altered signi®-cantly for the DNA samples obtained from IR exposed cells, with the possible exception of mitotic recombination which increased to 59% of the samples (Table 2) . Examples of apparent deletions and discontinuous LOH in the IR exposed cells are shown in Figure 4F and G, respectively. These results suggest that IR exposure increases several types of mutational events, but that no speci®c mutational signature can be discerned for IR mutagenesis in the Atm cells. Unlike the spontaneous mutational spectrum, the lack of small mutational events in the IR exposed Atm cells is similar to that observed for IR exposed wild type cells (Turker et al., 1995; unpublished) .
Discussion
Poor growth and eventual senescence have been reported for mouse embryo ®broblast (MEF) cultures derived from mice homozygous for Atm (Barlow et al., 1996; Westphal et al., 1998) . We report here that permanent cell lines can be established readily from primary cultures prepared from the ears and kidneys of adult Atm mice. The ear cells are ®broblast-like in appearance and the kidney cells are primarily epithelial, which demonstrates that immortalization can occur for at least two dierent cell types. The only modi®cation that was used in creating the Atm cell lines was to supplement the early primary cultures with medium conditioned from a permanent kidney epithelial cell line. However, because we did not try to create permanent cell lines in non-conditioned medium it can not be stated de®nitively that this supplementation is required for the establishment of the permanent Atm cell lines. Regardless, conditioned medium was not required for continued growth of the immortalized cultures. Although we did not grow the mass cultures for prolonged periods of time to demonstrate unequivocally that these cultures would never senesce, it is noted that the mutational study required two sequential cloning steps. The ®rst was to obtain subclones that were to be used for the isolation of mutant cells and the second was to expand the mutant cells for a molecular analysis. These two cloning steps when combined required a minimum of 50 population doublings.
Virally transformed human lymphocytes and ®bro-blasts from A-T patients are available (Meyn, 1993; Pandita and Hittelman, 1992; Cole et al., 1988; Roscheisen et al., 1994) , but the presence of viral oncoproteins can complicate the interpretation of data obtained with these immortalized cell lines. Recently, telomerase expression has been used to extend the life span of human A-T ®broblasts without apparent loss of radiation sensitivity (Wood et al., 2001) . However, because we allowed the Atm de®cient mouse cells to immortalize spontaneously it was formally possible that a small number of cells had regained Atm function or compensated for its loss with a second site alteration, and that these cells have given rise to the immortalized cultures. Therefore, several assays were performed to con®rm that the mouse Atm null cell lines retained characteristics associated with this de®ciency. As shown in Figure 1A and B both the ear and kidney cultures exhibited sensitivity to IR, consistent with retention of the Atm phenotype. Despite reports of slight sensitivity to IR for human cells heterozygous for Atm (Cole et al., 1988; Heim et al., 1992) , no signi®cant dierence was observed when comparing the ear and kidney Atm heterozygous de®cient cells with the wild type cells. These contrasting observations could be due to the null mutation in the mouse Atm knockout allele as opposed to dominant negative mutations that may be present in some human cells (Meyn, 1999) . Additional assays demonstrated that after IR exposure the Atm kidney cells did not arrest in G2/M, suered higher frequencies of chromosomal damage, and transformed somewhat more readily than wild type cells, though the biological signi®cance of this last result is unclear. In total, these results con®rm that spontaneous immortalization of the mouse cells did not alter the impaired IR response associated with loss of Atm function. It is also interesting to note that the untreated Atm cultures did not exhibit elevated spontaneous levels of chromosomal aberrations or cellular transformation when compared with the wild type cells. Moreover, the cells maintained a near diploid complement of chromosomes. These results indicate that widespread chromosome instability is not an inherent property of immortalized Atm cells in the absence of IR exposure.
The kidney cell lines were examined for sensitivity to UV and no dierence was noted for the Atm null cells, consistent with previous reports (Lu and Lane, 1993) . The result for hydrogen peroxide sensitivity, which causes oxidative damage within the cell was suggestive of some sensitivity in the Atm null cell lines relative to a wild type kidney cell line. This increased sensitivity could be due to elevated levels of pre-existing damage that may accumulate in the Atm cells (Rotman and Shiloh, 1997) . Recently, it was reported that A-T human cells have constitutive activation of pathways that normally respond to genotoxic stress. Such cells have higher basal levels of p53 and p21
WAF1/CIP1
, phosphorylation on serine 15 of p53 and the Tyr15-phosphorylated form of cdc2. Treatment of A-T cells with the antioxidant alpha-lipoic acid leads to a signi®cant reduction of these proteins, suggesting the involvement of reactive oxygen species in their chronic activation (Gatei et al., 2001) . Mutational evidence for such stress is discussed below.
We have shown previously that mice homozygous for Atm do not exhibit elevated mutant frequencies in vivo for kidney and ear tissues (Turker et al., 1999b) . This result suggested that a mutator phenotype was not inherent in vivo, at least in the absence of internal or external stresses. A complete molecular analysis of the extent and types of mutations that cause Aprt de®ciency in vivo in the Atm null mice was not possible because heterozygosity for polymorphic markers on chromosome 8 was limited for most of the mice tested. The only exception was for mouse #743, which did not yield a signi®cant number of Aprt mutants but did yield a kidney cell line that was used in this study. This cell line has a near diploid number of chromosomes including diploidy for chromosome 8 (Figure 5) , which bears the Aprt gene. An analysis of 31 spontaneous Aprt mutants isolated from the 743 kidney cell line revealed a variety of large mutational events including seven examples of a mutational pattern that has been termed discontinuous LOH ( Figure 4E ). This pattern, which is common in human cancers, has not been observed to occur as a spontaneous event in wild type kidney cells. However, we have shown that this pattern can be produced when wild type kidney cells are exposed to hydrogen peroxide (Turker et al., 1999a) . Therefore, the isolation of mutants exhibiting discontinuous LOH from the cultured Atm cells is suggestive of chronic oxidative stress in these cells, or that the mutagenic eects of Atm de®ciency can feed into a pathway also triggered by oxidative stress. It is noted that until a comprehensive LOH analysis is performed for Aprt mutant cells isolated directly from Atm mice it will not be possible to determine if the Atm de®ciency by itself is sucient to cause the discontinuous LOH mutational pattern. Alternatively, an interaction between the Atm de®ciency and cell culture conditions, perhaps including gene expression changes associated with spontaneous immortalization, is required for the formation of the discontinuous LOH pattern. Further work will be necessary to distinguish between these possibilities. Finally, although IR was shown to increase the mutant frequency for the Atm kidney cells, no speci®c mutational event was increased including deletional events.
In summary, we have shown that permanent cell lines can be established readily from adult tissues of mice that are homozygous for Atm. These cells retain sensitivity to IR and cell cycle defects characteristic of Atm cells demonstrating that they are useful for further study of the eects of Atm de®ciency. The observation of discontinuous LOH in spontaneous Aprt mutants derived from the Atm cells con®rms this assumption and provides a new tool to study this interesting mutational pattern.
Materials and methods

Establishment of kidney and ear cell lines
Cell suspensions from the kidney (Horn et al., 1984; Turker et al., 1999a, b) and ear (Turker et al., 1999b; Stambrook et al., 1996) were obtained as described previously (Turker et al., 1999b) . These suspensions, obtained from individual organs, were plated in T75¯asks in DMEM medium (Gibco ± BRL) supplemented with 15% fetal bovine serum (Sigma) and 50% conditioned medium. The conditioned medium was obtained by incubating the DMEM/15% FBS medium in the presence of a kidney cell line, termed 8412 (Rose et al., 2000) , for 3 ± 5 days and then ®lter sterilizing the medium to eliminate any unattached 8412 cells. As a second precaution, the conditioned medium was also frozen and thawed before use. The primary kidney and ear cultures were passaged with 1 : 2 splits for 10 passages. Decreased growth rates were noted for the ear cultures during splits 4 ± 6 and for the kidney cultures during splits 2 ± 4, but were not quanti®ed. After the ®rst 10 passages, the cultures were split 1 : 3 as necessary in non-conditioned medium. None of these established cultures exhibited any signs of senescence and they were therefore considered to be immortalized.
FISH analysis
Prepared metaphase spreads were probed with a digoxigenin (DIG)-labeled mouse chromosome 8 probe (Oncor). Fluorescence labeled anti-DIG was then used for detection of the labeled chromosomes and propidium iodine was used as a counter stain. All procedures were performed according to the manufacturer's speci®cations.
Cell survival assays
Cell survival after exposure to ionizing radiation (IR), ultraviolet radiation (UV), and hydrogen peroxide (H 2 O 2 ) were performed as described elsewhere (Walker et al., 1997) .
Analysis of G2/M checkpoint
Cells were grown on 60 mM tissue culture dishes to subcon¯uency and irradiated in a 137
Cs gamma irradiator at 1 Gy/min for a total exposure of 2.5 or 15 Gy. They were then refed with fresh medium. After variable times, the cells were ®xed with cold methanol for 10 min, rehydrated with phosphate buered saline, incubated with blocking solution (10% horse serum) for 1 h, and then incubated with anti-gtubulin monoclonal antibody (Sigma) for 1 h. The antigenantibody complexes were detected with¯uoroscein isothiocyanate-conjugated goat antibody to mouse IgG (Sigma). Phosphorylation of serine 10 of histone H3 was detected using a polyclonal antibody, following the manufacturers protocol (Upstate), and detected with¯uoroscein isothiocyanate conjugated goat anti-rabbit IgG (Sigma). Cells were washed extensively with PBS between incubations and stained with DAPI (4,6-diamidino-2-phenylindole).
Chromosomal studies
Metaphase chromosomes were prepared as described by Pandita et al. (1995) . To determine G1 type chromosomal aberrations, procedures described previously were followed Wood et al., 2001) . In brief, plateau phase cells were exposed to 3 Gy of 137 Cs-gamma irradiation, allowed to recover for 24 h, subcultured, and metaphases collected. Giemsa-stained chromosomes from 50 metaphases were analysed.
Transformation assay
The transformation assay was performed as described by Freyer et al., 1996 and . In brief, exponentially growing subcon¯uent cells were trypsinized and plated 48 h prior to exposure to 1 Gy of 137 Cs-gamma radiation. Immediately after irradiation, the cells were trypsinized and replated into 10-cm diameter culture dishes at cell numbers estimated to result in either 300 viable cells per dish for the assay of neoplastic transformation or 30 viable cells for the cell survival assay. For the assay of neoplastic transformation, cells were grown in Eagle's basal medium supplemented with 10% heat-inactivated fetal bovine serum and, culture medium was changed at 12-day intervals during a 7-week incubation. Cells plated for cell-survival determination were incubated for 10 days without medium change. At the end of 10 or 49 day incubation, cells were ®xed in formalin and stained with Giemsa. Cell survival was determined by the colony assay method, while neoplastic transformed foci types II and III were identi®ed according to the criteria of Rezniko et al. (1973a,b) .
Mutagenesis
The isolation and characterization of spontaneous Aprt de®cient cells from the 743 Atm de®cient cell line was performed as described elsewhere for a wild type kidney cell line (Turker et al., 1999a) . IR exposure for mutagenesis was performed as described elsewhere for a mouse embryonal carcinoma cell line except that the ®nal dose was 2.5 Gy of 137 Cs-gamma radiation (Turker et al., 1995) .
